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Baroclinic transport and the barotropic effect are two different viewpoints for understanding the mechanism of the Greenland- 
Scotland Ridge overflow. The mechanism of this overflow, being an important deep branch of thermohaline circulation, deserves 
research discussion, especially against the background of global warming. Using the newly developed ECHAM5/MPI-OM, of the 
Max Planck Institute for Meteorology, which is an advanced atmosphere-sea ice-ocean coupled climate model, the mechanism of 
the Greenland-Scotland Ridge overflow variation under different atmospheric CO2 scenarios is studied. First, a control experiment 
is forced by a fixed CO2 concentration of 280 ppmv, which is the pre-industrial level before 1860. Three sensitive experiments are 
carried out under different scenarios of increased atmospheric CO2 concentrations, which are listed in the Intergovernmental Panel 
on Climate Change (IPCC) assessment report (B1, A1B and A2). In the control run, more water with higher salinity intruding into 
the Greenland-Icelandic-Norwegian Seas results in greater barotropic transport and greater overflow because of the baroclinic 
effect. Therefore, the barotropic effect and baroclinic effect on the overflow are unified. Under the atmospheric CO2 scenarios, the 
strength of overflow across the Faro-Bank Channel is controlled by the baroclinic effect and the increase in Denmark Strait over-
flow is attributed to the barotropic effect. 
Greenland-Scotland Ridge overflow, CO2, global warming, dynamic mechanism, numerical model 
 
Citation:  Mu L, Song J, Zhong L H, et al. Mechanism of the Greenland-Scotland Ridge overflow variation under different atmospheric CO2 scenarios. Chinese Sci 




The Greenland-Scotland Ridge, located on the northern 
edge of the Atlantic Ocean basin and connecting the Green-
land-Iceland-Norway (GIN) Seas and the North Atlantic 
Ocean basin, comprises the Denmark Strait and the Faro- 
Bank Channel (Figure 1). 
The southern side of the Greenland-Scotland Ridge has 
an average depth of 600 m, with the northern side being 
deeper than 3700 m. This steep benthal topography rapidly 
decreases the high-density overflow across the Denmark 
Strait and the Faro-Bank Channel, resulting in the well- 
known benthal falls. The North Atlantic Current intrudes 
into the GIN Seas via surface current crossing the Faro- 
Bank Channel. Some of the water becomes deep water via 
deep convection and flows out of the GIN Seas in the form 
of Greenland-Scotland Ridge overflow, while the remainder 
remains as surface current and flows out of the GIN Seas, 
crossing the Denmark Strait and the Faro-Bank Channel [1]. 
The Greenland-Scotland Ridge overflow has two parts: 
overflow across the Denmark Strait and overflow across the 
Faro-Bank Channel. The Greenland-Scotland Ridge over-
flow is the main body of the North Atlantic Deep Water 
(NADW) and the most important deep circulation branch of 
thermohaline circulation (THC) [2]. The overflow greatly 
affects the strength of THC [3] and the THC plays a major 
role in meridional heat transport in the Atlantic (Figure 1). 
Human-induced global warming due to increased levels  
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Figure 1  Schematic diagram of North Atlantic circulation (surface light 
seawater and deep heavy seawater are shown by red lines and blue lines 
respectively). 
of atmospheric CO2 and other greenhouse gases can affect 
the Earth’s climate system. In this process, the change in 
THC is especially remarkable [4]. The mechanism of the 
Greenland–Scotland Ridge overflow, as an important deep 
circulation branch of THC, deserves research. 
There are two viewpoints regarding the mechanism. 
Classical theories [5,6] attribute the overflow to convection 
in the deep water of the GIN seas. In this case, the strength 
of the overflow depends on the intensity of the deep con-
vection. Employing hydrodynamic theory and a relevant 
two-layer model, Whitehead [7] concluded that the strength 
of the overflow is determined by the density difference 
across the ridge and the effective dynamic height. When 
deep convection in the GIN Seas strengthens, the isopycnal 
upwarps, the deep-water density increases, and there is a 
large density difference across the sea ridge and a high ef-
fective dynamic height. Finally, the overflow strengthens. 
The second viewpoint is that of Mauritzen, and is based 
on basic physical concepts [8,9]. By analyzing observation 
data recorded over a long period, she concluded that the 
strength of the overflow is determined by the strength of the 
inflow crossing the Faro-Bank Channel. Therefore, the ba-
rotropic effect, not the baroclinic transport, would play a 
major role in the Greenland-Scotland Ridge overflow.  
The mechanism of the Greenland-Scotland Ridge over-
flow thus requires further study [10 –12]. On the basis of the 
ECHAM5/MPI-OM climate model of the Max Planck In-
stitute for Meteorology, the mechanism of the Green-
land-Scotland Ridge overflow under different atmospheric 
CO2 scenarios is discussed in this article. 
1  Numerical model and numerical experiments 
1.1  Model configuration 
The meteorological global atmosphere-ocean-sea-ice model 
of the Max Planck Institute named ECHAM5/MPI-OM is 
used in our study. The Max Planck Institute Ocean Model 
(MPI-OM) is a global general ocean circulation model 
based on an orthogonal curvilinear Arakawa C-grid, which 
contains a free surface and a state-of-the-art sea ice model 
with viscous–plastic rheology and snow. The Max Planck 
Institute Atmosphere Model (ECHAM) was derived from 
global forecast models developed at the European Centre 
for Medium-Range Weather Forecasts. 
There is no flux adjustment in ECHAM5/MPI-OM, 
which is an important advantage of this coupled model. 
ECHAM5 is a modification of the extensively used 
ECHAM4 in which the aerosol module has been improved 
and the cloud-cover parameterization updated. Additionally, 
water and ice in the cloud are treated separately, which im-
proves the simulation of precipitation. A new set of land 
surface data (vegetation ratio, leaf area index and forest 
ratio) are employed in ECHAM5 [13]. The changes in MPI- 
OM are improvement of the sea surface-wind stress calcula-
tion by considering the influence of local current to depict 
the ocean upper-layer dynamics more accurately. Mean-
while, the modified sea-ice module describes the growing, 
melting and transport of sea ice more exactly [14]. 
An orthogonal curvilinear grid allows for an arbitrary 
placement of the grid poles [14]. In the current setup, the 
model’s North Pole is shifted to Greenland and the South 
Pole is at the center of the Antarctic continent. This ap-
proach not only removes the numerical singularity associ-
ated with the convergence of meridians at the geographical 
North Pole but also produces higher resolution in the re-
gions of NADW formation near Greenland (Greenland Sea, 
Labrador Sea). The grid spacing is a minimum of about 15 
km around Greenland and a maximum of 184 km in the 
Pacific. The ocean has a 1.5° average horizontal grid spac-
ing with 40 vertical levels, which are spaced unevenly. 
The ECHAM has been modified for climate research and 
the current version is ECHAM5. The atmospheric model 
uses ECHAM version 5.2 and is run at T63 resolution 
(1.875° × 1.875°) with 31 vertical (hybrid) levels [13]. The 
topography is taken from ETOPO-5 data (www.ngdc.noaa. 
gov/mgg/global/relief/ETOP05) [15]. 
1.2  Numerical experimentation 
On the basis of the fourth evaluation report of the Intergov-
ernmental Panel on Climate Change (IPCC) (http://ipcc- 
wg1.ucar.edu/wg1/wg1-report.html), the model is run using 
the CO2 scenario of 280 ppmv, the pre-industrial level be-
fore 1860. The adjustment of the ocean is slower than that 
of the atmosphere. Therefore, we first run the ocean model 
only and do not start the coupled model until the ocean 
model reaches a state of equilibrium. Finally, we let the 
coupled model reach a state of equilibrium. 
The numerical simulation spins up for 500 years. The 
simulation for validation is then forced by the CO2 concen-
tration, which is taken from observation and reanalysis data 
for the period from 1860 to 2000. 
The coupled model is run under different increased at-
mospheric CO2 scenarios, which are among the scenarios 
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listed in the IPCC report (Figure 2). From 1860 to 2000 in 
the numerical simulation, the observation value is used as 
the CO2 forcing. From 2000, the coupled model is run under 
three scenarios of the IPCC (B1, A1B and A2). The A2 
scenario assumes a future world in which the global econ-
omy develops rapidly, the global population grows quickly, 
new energy resources and technologies are not used, and 
CO2 concentrations increase rapidly. In the A1B scenario, 
the global population and economy develop quickly, and a 
balanced strategy for fuel use is adopted, where “balanced” 
means not relying too heavily on one particular energy re-
source, under the assumption that similar improvement rates 
apply to all energy supplies and terminal technologies. In 
the B1 scenario, the global population peaks in the middle 
of the 21st century and declines thereafter, there is rapid 
change in economic structures toward a service and infor-
mation economy with less use of materials, and clean and 
efficient technologies are used. In this optimistic scenario, 
the CO2 concentration will increase slowly and then stabi-
lize. 
Employing the above numerical experiment design, we 
run the coupled model under different scenarios of increas-
ing levels of greenhouse gases on the super computer of the 
German Climate Center. Firstly, the coupled model spins up 
for 500 years under a fixed CO2 concentration of 280 ppmv, 
which is the CO2 concentration before industrialization. 
Secondly, the coupled model is run from 1860 to 2000 un-
der the observed CO2 concentration. Finally, the model is 
driven under the B1, A1B and A2 scenarios after 2000. Be-
cause the computation is time-consuming in these cases, 
only one test is run for each scenario. The output result is 
monthly mean values. The results for the control run and 
A1B are discussed in this article.  
1.3  Analytical method 
This paper divides the Atlantic Ocean into three density 
classes to analyze the output of the coupled model. The 
three density classes represent the upper and intermediate 
water mass (UW), deep water mass (DW) and bottom water  
 
 
Figure 2  CO2 concentrations of scenarios given in the IPCC evaluation 
report. 
mass (BW) in the Atlantic Ocean. The UW generally flows 
northward, while DW and BW flow southward in the North 
Atlantic. Under global warming due to increased concentra-
tions of atmospheric CO2, the density structure of the ocean 
will change. In this work, a method is established to calcu-
late the density criteria for classifying the different water 
masses (Figure 3), which change with global warming. We 
study a latitude of 50°N in the Atlantic because the strength 
of THC at 50°N is maximal. Along this section, we trans-
form the meridional velocity field into a density coordinate. 
The potential density of seawater is calculated from the 
model output with a reference depth of 2000 m. The merid-
ional transport across the section from the surface down is 
then added to each density layer. The maximal northward- 
transport density coordinate is 1, and the zero meridional 
transport density coordinate larger than 1 is 2. We define 
UW as seawater whose density is less than 1, DW as sea-
water whose density is between 1 and 2, and BW as sea-
water whose density is density greater than 2. We thus 
obtain the density criteria of different water masses under 
the scenario of a higher concentration of atmospheric CO2.  
The upper ocean, which absorbs more radiation energy, 
warms more quickly than the deeper ocean. The potential 
density of UW decreases quickly under global warming, 
from 1036.72 to 1036.28 under the A1B scenario. Mean-
while, the potential densities of DW and BW do not fall as 
quickly as that of UW.  
2  Mechanism of the Greenland-Scotland Ridge 
overflow under the scenario of a constant  
concentration of atmospheric CO2  
2.1  Mechanism of the strength of overflows 
Employing the method given by Whitehead [7], the model 
has two layers and the strength of overflow is calculated 
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Figure 3  Density criteria for defining different density domains. 
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Here Q is the volume transport, g is the gravitational accel-
eration, ρ is the density, ρ = ρ(T1, S1) – ρ(T2, S2) is the den-
sity difference across the ridge, Heff is the effective dynamic 
height in the two-layer model, and f is the Coriolis constant. 
In addition, we obtain the strength of the overflow directly 
by calculating the net volume transport of DW and BW 
across the Denmark Strait and the Faro-Bank Channel. 
To display changes in variables more clearly, the data on 
the strength of the overflow are normalized. The definition 
of normalization used here is (value of variable – average 
value of variable)/variance. The strength of the overflow 
calculated directly (black line) and that deduced from the 
baroclinic effect (red line) are shown in Figure 4(a) (Den-
mark Strait) and Figure 4(b) (Faro-Bank Channel). The re-
sults have good synchronism for both the Denmark Strait 
and the Faro-Bank Channel; the correlation coefficients are 
as high as 0.59 and 0.51 respectively (exceeding the 95% 
level of confidence). This demonstrates the importance of 
the baroclinic effect on the strength of overflow. 
The strength of overflow is also compared with the 
strength of inflows crossing the Faro-Bank Channel in Fig-
ure 5(a) (Denmark Strait) and Figure 5(b) (Faro-Bank 
Channel). The strength of the inflow crossing the Faro-Bank 
Channel represents the total flux into the GIN Seas and the 
strength of barotropic outflow from the GIN Seas. Figure 5 
shows that the overflows and inflows are in good agreement; 
the correlation coefficients are as high as 0.49 and 0.50 re-
spectively (exceeding the 95% level of confidence). This 
indicates that the barotropic outflow is also closely related 
to the strength of overflow. 
Figure 6 presents the evolution of the normalized aver-
aged mixed layer depth of the GIN Seas (black line) and 
normalized inflow strength of the Faro-Bank Channel (red 
line). The depth of the mixed layer is an important physical 
element that denotes the stability of oceanic stratification. 
We define the mixed-layer depth over the GIN Seas as be-
ing from the sea surface to the depth where the density is 
one-eighth of the surface density. The averaged mixed-layer 
depth for the GIN Seas thus characterizes the stability of the 
stratification in the GIN Seas. Figure 6 shows that there is 
high correlation between the averaged mixed-layer depth of 
the GIN seas and inflow to the Faro-Bank Channel (the 
correlation coefficient is 0.48, which exceeds the 95% level 
of confidence). These findings suggest that the stability of 
stratification in the GIN Seas is closely related to the 
strength of overflow. 
We see from the discussion above that the strength of 




Figure 4  Time series of the strength of the overflow calculated directly (black line) and from the baroclinic effect (red line) for the Denmark Strait (a) and 
the Faro-Bank Channel (b). Values have been normalized. 
 
Figure 5  Time series of the strength of the Faro-Bank Channel inflow (red line) is compared with the strength of the overflow (black line) in the Denmark 
Strait (a) and the Faro-Bank Channel (b). Values have been normalized. 
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Figure 6  Time series of the stability of stratification in the GIN Seas, 
showing the averaged mixed-layer depth (black line) and the strength of 
the Faro-Bank Channel inflow (red line). Values have been normalized. 
baroclinic effect; more water with higher salinity intruding 
into the GIN Seas brings about higher sea-surface density in 
the GIN Seas. This weakens the stability of water stratifica-
tion and increases the probability of occurrence of deep 
convection, resulting in upwarped isotherms, increased 
deep-water density, greater density difference across the 
ridge and a higher effective dynamic height. Finally, the 
overflow strengthens under the baroclinic effect. Meanwhile, 
the inflow of water strengthens the cyclonic circulation in 
the GIN Seas and results in greater overflows under the ba-
rotropic effect. Therefore, the barotropic effect and baro-
clinic effect on the overflow are unified. This, the classical 
theory on overflow and the theory of Mauritzen [8,9] are 
only explanations of the same mechanism from different 
viewpoints. 
2.2  Relationship between the average density and the 
strength of the Greenland-Scotland Ridge overflow 
Figure 7 shows the time-dependent variation in the strength 
(black line) and average density (red line) of the overflow 
after normalization from model simulation. There is good 
synchronism between the strength and average density in 
the model; the correlation coefficients are as high as 0.42 
and 0.45 respectively (exceeding the 95% level of confi-
dence), suggesting that the strength and density of the over-
flow are closely correlated and synchronized. This is be-
cause of the fact that, as the overflow increases, the stability 
of stratification weakens, the deep convection in GIN Seas 
strengthens, isotherms upwarp and the deep-water density 
increases. Therefore, with an increase in overflow under the 
baroclinic effect, the density of the overflow increases, and 
we conclude that changes in the magnitude and density of 
overflow are highly synchronous. 
3  Mechanism of the Greenland-Scotland Ridge 
overflow under global warming 
3.1  Mechanism of the overflow 
Using the analytical method described in section 1 for the 
result of the coupled climate models (Figure 8), it is found 
that the rate of generation of NADW is about 16.2 Sv in the 
20th century, of which 8.2 Sv is from deep convection in 
the Labrador Sea, 5.9 Sv is from the overflow across the 
Denmark Strait and the Faro-Bank Channel, and 2.1 Sv is 
from entrainment in the south of the Denmark Strait Region. 
In the 21st century under the A1B scenario of global warm-
ing, the values decrease to 12.9, 5.2, 6.1 and 1.6 Sv respec-
tively [16]. 
According to the discussion in section 2, the strength of 
strait overflow should be determined by the density differ-
ence across the ridge and the effective dynamic height. The 
time-dependent curve of density across the Denmark Strait 
(Figure 9(a)) and the Faro-Bank Channel (Figure 9(b)) in-
dicates that the density has a significant decreasing trend 
under the A1B scenario. 
Global warming under an increase in the concentration of 
atmospheric CO2 greatly affects the temperature of the 
global oceans, especially the Arctic and GIN Seas. For this 
reason, the density decrease on the northern side of the sea 
ridge is clearer than that on the southern side. This change 
could change the status of small density differences across 
the Greenland-Scotland Ridge. As a result of the strength-
ening of deep convection and upwarping of isotherms of  
 
 
Figure 7  Variation in the strength (black line) and average density (red line) of the overflow after normalization according to model simulation. 
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Figure 8  Isopycnal and diapycnal fluxes (Sv) under the A1B scenario. UW (top) represents the upper branch of the THC while DW+BW (bottom) repre-
sents the lower branch of the THC. (a) and (c) are for the 20th century; (b) and (d) are for the 21st century. Arrows indicate the direction of the isopycnal 
flow, while the numbers next to the arrows give the magnitude of isopycnal flow. The numbers at the centers of boxes give the strengths of diapycnal flux. A 
negative number means lighter water is converted into denser water. 
 
Figure 9  Time series of the overflow density (kg/m3) on the southern side (red line) and northern side (black line) for the Denmark Strait (a) and the 
Faro-Bank Channel (b) in the case of the A1B scenario. (c) and (d) show the density difference relevant to (a) and (b).  
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GIN Seas, the effective dynamic height in the Denmark 
Strait and the Faro-Bank Channel will increase accordingly 
(Figure 10). 
The time series of the strength of overflow in the Den-
mark Strait and the Faro-Bank Channel (Figure 11), which 
is generated by the baroclinic effect, shows that the decrease 
in density difference across the Greenland-Scotland Ridge 
plays a more dominant role than the effective dynamic 
height in controlling the overflow, and the overflow re-
markably weakens under the A1B scenario. The overflow 
flux of the Faro-Bank Channel decreases from 3.2 to 2.9 Sv 
under the A1B scenario and it is in accordance with changes 
in the strength of overflow under the baroclinic effect. 
Meanwhile, Figure 8 shows that inflow across the Faro- 
Bank Channel increases significantly from 9.9 to 11 Sv, and 
the cyclonic circulation in the GIN Seas and the overflow in 
the GIN Seas under the barotropic effect are strengthened 
(total outflow increases from 3.9 to 4.5 Sv for the Denmark 
Strait). This indicates that the strength of overflow across 
the Faro-Bank Channel is controlled by the baroclinic effect 
under the A1B scenario. On the other hand, the overflow 
flux for the Denmark Strait increases from 2.7 Sv (Figure 
8(c)) to 3.3 Sv (Figure 8(d)). This is a trend contrary to the 
changes in the strength of overflow under the baroclinic 
effect but the same as changes in the outflow under the ba-
rotropic effect 
Figure 12 shows the cyclonic circulation in the GIN Seas, 
which is strengthened for both the UW and DW+BW. More 
inflow flux crossing the Faro-Bank Channel increases the 
outflow flux into the Barents Sea. Meanwhile, the strength-
ening of inflow into the Faro-Bank Channel is seen for all 
three classes of the UW and DW+BW. This indicates clear-
ly that the enhancement of the outflow flux from the Den-
mark Strait is a result of the barotropic effect under the A1B 
scenario. 
3.2  Relationship between THC and the Greenland- 
Scotland Ridge overflow 
For a certain concentration of CO2, it is difficult to distin-
guish whether the main factor affecting THC is the strength 
or density of the overflow, which was discussed in section 
2.2. However, against the background of an increased level 
of CO2 and global warming, the density of the overflow 
becomes the leading factor affecting the THC strength in-
stead of the strength of the overflow. 
Under the A1B scenario during the 21st century, the 
strength of overflow increases from 5.9 to 6.2 Sv, while the 
strength of THC decreases from 23 to 18 Sv [16]; i.e. the 
trends are opposing. This shows that the strength of the 
overflow is not the major factor affecting the strength of the 
THC. Figure 13 shows that the decreasing trend of the over-
flow density was similar to that of the THC density. This 
illustrates that the overflow density becomes the main factor  
 
 
Figure 10  Time series of the effective dynamic height in the Denmark Strait (a) and the Faro-Bank Channel (b) in the case of the A1B scenario. The data 
were processed with 20-year moving-average filters.  
 
Figure 11  Time series of the strength of the overflow, generated by the baroclinic effect, in the Denmark Strait (a) and the Faro-Bank Channel (b). 
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Figure 12  The difference in isopycnal flow (Sv) in the GIN Seas between the year 2100 and the year 2000 in the UW (a) and DW+BW (b). The arrows 
represent the transport direction and the color the strength. 
 
Figure 13  Time series of the overflow density (black line, kg/m3) and the strength of THC (red line, Sv) in the Denmark Strait (a) and the Faro-Bank 
Channel (b) in the case of the A1B scenario. 
affecting the strength of the THC. 
The variation in the overflow density changes the struc-
ture of the density field in the Labrador Sea. The strength of 
density current in deep layers is thus affected, and it further 
influences the Deep Western Boundary Current (DWBC). 
Consequently, the density of the overflow becomes the ma-
jor factor affecting the strength of the THC.  
As shown in Figure 14, under the A1B scenario, there is 
a particular meridional density distribution in the 52°W 
section of the Labrador Sea in the year 2000, the structure 
of which is high at both ends and low in the middle. This is 
due to the density of DWBC, which is an extension of the 
overflow, being higher than the density of the Labrador Sea, 
thereby strengthening the pressure gradient directed toward 
the center of the Labrador Sea. 
According to the geostrophic relationship, the cyclonic 
circulation strengthens in the Labrador Sea. As global 
warming in 2100 will change sharply in the areas of the 
GIN Seas and the Arctic, the overflow density will greatly 
decrease and become equivalent to or even lower than the 
seawater density in the Labrador Sea. For this reason, the 
variation in the pressure gradient directed toward the center 
of the Labrador Sea will reduce. Because of the influence of 
the Coriolis force, the variation in the pressure gradient will 
weaken the cyclonic circulation and the DWBC in the Lab-
rador Sea, while the THC will weaken accordingly. 
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Figure 14  Density (kg/m3) profile along the section of 52°W in the Labrador Sea in the years 2000 (a) and 2100 (b) with latitude and depth (m). 
4  Conclusions 
The mechanism of the Greenland-Scotland Ridge overflow 
response to different scenarios of atmospheric CO2 levels 
was discussed, employing the Max Planck Institute’s model, 
ECHAM5/MPI-OM, an newly developed advanced climate 
Atlantic ocean-atmosphere coupled model. The following 
conclusions were drawn. 
(1) In the CO2 scenario before industrialization, more 
water with higher salinity intruding into the GIN Seas re-
sults in a higher sea surface density of the GIN Seas. This 
weakens the stability of water stratification and increases 
the probability of occurrence of deep convection, resulting 
in upwarped isotherms, higher deep-water density, a high 
density difference across the ridges and high effective dy-
namic height. The overflow thus strengthens under the 
baroclinic effect. Meanwhile, the intruding water strength-
ens the cyclonic circulation in the GIN Seas and increases 
the overflow under the barotropic effect. Therefore, the ba-
rotropic effect and baroclinic effect are unified for the over-
flow. 
(2) A coupled model was run under different scenarios of 
higher concentrations of atmospheric CO2, which are listed 
in the IPCC report. Under the A1B scenario, the strength of 
overflow across the Faro-Bank Channel is controlled by the 
baroclinic effect and the increase of Denmark Strait over-
flow is attributed to the barotropic effect. The density, not 
the strength, of the overflow becomes the main factor af-
fecting the strength of the THC under global warming. 
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